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INTRODUCTION 
In  a  previous paper (French, 1940a)  the  culture of the photosynthetic 
purple bacteria and the treatment of the bacteria with supersonic vibration 
to obtain solutions of their water soluble protein-pigment compounds was 
described.  Spectral absorption curves have been made in the visible and 
near infrared of photosynthin solutions obtained from four different species 
of bacteria. 
Extraction of the pigments by orgaMc solvents changes the position of 
their absorption bands in the spectrum (van Niel and Smith, 1935; French, 
1937) but extraction of the photosynthin from the cells without destruction 
of the pigment-protein complex leaves the absorption bands in the same 
position and with the same absolute height.  This indicates that in these 
extracts the substance with which we are dealing is the same or at least 
not greatly different from the photocatalyst as  it acts in  the process of 
photosynthesis  in  the  living  material.  From  the  examination  of  the 
visible and infrared absorption spectra of four species of bacteria we find 
evidence for the existence of three different types of photosynthin. 
EXPE~I~rF~NTAL 
Spectropkotometer  Construction 
A Hilger 90  ° constant deviation spectroscope with a dense flint glass prism, which 
had a drum wave length scale reading to 800 mt~ was made into a monochromator by 
fitting an exit slit from another similar instrument in place of the eyepiece.  In order 
to make it usable farther out toward the infrared the prism was shifted in relation to 
the wave length scale which was then recalibrated in the visible region with thirty lines 
from mercury, argon, helium, copper, krypton,  and  sodium spectra.  In the region 
from 800 to 1,000 m~ the calibration was done photographically as follows.  A mercury 
are was set up in front of the entrance sllt and the green 546.1 mt~ line set exactly on 
483 
The Journal of General Physiology484  ~P:EC~ 09 I:'~OTOSYIWTHIN 
the entrance slit by adjusting the wave length drum.  The collimator tube and exit 
slit assembly was removed and replaced with a camera.  Without disturbing the drum 
setting the camera was adjusted to focus the green line on the plate. 
An exposure was made of the mercury spectrum on an Eastman IQ infrared plate 
sensitized with NH4OH.  Without moving the plate the drum  was rotated to bring 
the near infrared region on to the approximate spot occupied by the green line and an 
exposure of  a  cesium  spectrum  made  overlapping the  mercury  spectrum.  Cesium 
bromide in the hollow of a  carbon arc was used as a  source.  The scale reading was 
recorded and shifted to another position and the exposure of the cesium spectrum re- 
peated on a  fresh part of the plate.  The  drum  was turned back to the spot which 
placed the green mercury line in its previous position and that spectrum was super- 
imposed on the second cesium exposure.  This process was repeated giving five different 
positions of the cesium spectrum superimposed on one position of the mercury spectrum, 
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FIG. 1.  Photocell arrangement 
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the green line of which indicated the 
exact place taken  by  the  slit.  The 
plate was developed and the distance 
from  the  green  line  to  the  cesium 
lines  852.1,  894.4,  and  917.2  In# 
measured  with  a  micrometer micro- 
scope.  Large  plots  were  made  of 
the wave length scale reading against 
micrometer  scale  reading  for  each 
line and  the value  which would put 
the  line  in  question  on  the  green 
mercury  line  and  hence  on  the  slit 
was determined by interpolation. 
Another plate was  made similarly 
using  the  793.3  line of  copper as a 
reference line and argon 811.5, 912.4, 
and  965.9  m#  for  the  calibration. 
The mercury 1014.0 m# line was also 
used.  After this procedure the colli- 
mator tube with the slit was  replaced and  several visible lines checked.  The photo- 
graphic calibrations from 811.5  to 1014.0  m#  and  the visible lines 809.3  to 404.7  m# 
gave a  continuous smooth  curve from  which the scale reading for every 10  m# was 
tabulated. 
The image of a  six volt 1,000  lumen single straight coil filament lamp was focused 
on  the  entrance  slit of the monochromator with  a  10  cm.  focal length lens.  After 
emerging from the second slit the light passed through the parallel sided glass absorption 
vessel of 1 cm. thickness containing the solution to be measured.  It was arranged so 
that a similar vessel containing the solvent alone could be interchanged by means of a 
sliding rack.  Directly behind the absorption vessel was a  vacuum cesium photocell, 
R. C. A. No. 922 arranged as shown in Fig. 1. 
The current from this cell was amplified with a  single tube circuit using a 6J5 tube 
and read on  a  Leeds and North,up  wall galvanometer of approximate sensitivity of 
4,000 mm. per #a.  The dark current was  balanced  out with a  battery and variable e.  s.  rm~NcH  485 
resistances.  For the approximate adjustment of the latter a milliammeter was thrown 
into the circuit in place of the much more sensitive galvanometer.  The collimator tube 
projected into a  light-tight grounded metal box containing the absorption vessel rack, 
photocell, and amplifier.  The filament battery was enclosed in a  separate metal box 
connected with a shielded cable.  The galvanometer leads were shielded and the mono- 
chromator grounded.  In order to reduce the drift, which was nevertheless troublesome, 
the tube was heated continuously day and night except when  charging the battery. 
Approximate widths of the spectral region (taken as twice the slit width) isolated by 
the monochromator  necessary to  give  100  ram.  galvanometer deflection at  different 
wave lengths and the dispersion of the instrument are shown in Table I.  When working 
in the infrared, Wratten filter No.  70 or No. 29  was used to remove visible scattered 
light.  Still more important,  due  to  the  infrared sensitivity of the photocell, was  a 
filter of 2 cm. of 5 per cent CuSO4 in water for absorption of stray infrared when working 
in the visible spectrum. 
TABLE  I 
St~ectr@kotometer Ckaracteristics 
Wave length  Width of band isolated by  Approx. baud width for I00 ram. 
0.1 ram. sllt  galvanometer deflection 
mtt 
450 
500 
600 
700 
800 
9O0 
95O 
m/a 
0.55 
0.80 
1.4 
2.1 
3.1 
4.7 
5.8 
m~ 
5.5 
4.0 
2.5 
2.7 
2.8 
4.2 
8.6 
The linearity of galvanometer deflection with light intensity at the photocell was 
checked by measuring the extinction coefficient of a piece of green glass with a Koenig- 
Martens visual spectrophotometer at 580  and 560  mtt and at the same wave lengths 
with the photoelectric spectrophotometer.  Weakening a  beam from 100 to 30.9 or to 
16.9  on  the basis of visual measurements  gave respectively 28.3  and  17.5  with  the 
photocell system which was considered to be a  satisfactory check. 
If I0 be the galvanometer deflection for a given wave length with the control vessel 
of solvent in the light path and I  the deflection with the vessel containing the solution, 
then the extinction, E, is given by:/~ =  log~o~ =  K ~  where K is the specific absorption 
coefficient at wave length X, c is the concentration of the absorbing substance, and d 
is the thickness of the cell (1 era.). 
Since the photosynthin has not been isolated as a  pure substance we cannot deter- 
mine absolute values for K. 
Procedure and Results 
Several  extracts  were  made  at  different  times  from  Spirillum  rubrum 
(strain  S1)  and  the  absorption  curves  of  these  solutions  are  presented  in 486  SPECTRA  OF PHOTOSYNTHIN 
Fig.  2.  Both  saturated  urea  and  dilute  N-H~OH  were  a  great  help  in 
clarifying opalescent solutions but did not influence the position or height 
of the absorption bands.  Occasionally a  perfectly c/ear extract was ob- 
tained directly in water but  the absorption  curves were made in filtered 
saturated urea solution to avoid light scattering in the shorter wave lengths. 
In  order  to  determine the relative numbers of molecules of the  green 
bacteriochlorophyll and  the  red  spirilloxanthin in  the  cell juice  the  two 
pigments  were  separated  by  organic  solvents.  Using  a  sample  of pure 
bacteriophaeophyfin kindly supplied  by  Professor  C.  B.  van  Niel  as  a 
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FIG. 2. Absorption curve of Spirillum rubrum extract.  Open circles: diluted with 
NH4OH; solid circles: diluted with saturated urea solution; squares: diluted with water, 
visual determinations.  The curves are based upon data obtained with different extracts 
and have been brought together by using the appropriate factors.  The slit  width  is 
shown by bars at the bottom of the figure. 
standard, the amount of this pigment present was determined by absorp- 
tion measurements in chloroform.  The absorption curve of this substance 
was measured and is shown in Fig. 3.  The absorption of the spirilloxanthin 
was measured in CS~ and the concentration of pigment present taken from 
the data of van Niel and Smith. 
The procedure used in the pigment concentration measurements having 
unfortunately been  carried  out  before  the  publication  of  van  Niel  and 
Arnold's method was as follows: 
Bacteriochlorophyll Determinatlon.--In  the dark 2.55 cc. of cold SplriUum rubrum 
extract prepared from  a suspension containing 30 c.mm. ceUs/cc, were added to 22.5 cc. C.  S.  FRENCH  487 
of cold methyl alcohol.  In this 90 per cent methyl alcohol the red pigment and the 
protein is insoluble while the green pigment dissolves.  The precipitated protein was 
centrifuged down and washed in the dark with cold 90 per cent methyl alcohol.  The 
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FIG. 3.  Absorption curve of bacteriophaeophytin kindly given us by C. B. van Niel. 
It was prepared from Spirillum  rubrum.  Visual determinations are shown by (o) and 
photoelectric ones by (x)  and (A).  Two  samples gave 28.3  and  28.0  X  10  -3 for  K 
at 530 m# in the equation: 
logto/o  -  Kcd where c is in rag./1 and d in cm. 
methyl alcohol solution and washings were combined and poured into cold ether.  Four 
washings in the dark with cold water removed the methyl alcohol from the ether solution 
of bacteriochlorophyll which was then shaken with 20 cc. of 10 per cent HCI to turn 
the bacteriochlorophyll into bacteriophaeophytin which is rather stable to light.  The 
water layer remained colorless.  The ether solution was washed with water to remove 488  SPECTRA OF  PHOTOSYNTHIN 
HC1, allowed to stand over two batches of CaCh to remove water, then evaporated 
on the steam bath.  The residue of bacteriophaeophytin was taken up in 4.1  cc.  of 
chloroform.  This solution showed a  yellower tinge than a  solution of pure bacterio- 
chlorophyll probably due to a  trace of spirilloxanthin dissolving in the  90  per cent 
alcohol.  At 530m/z the extinction,  log10 ~  of  1 cm. of this solution was 0.340.  methyl 
From Fig. 3 the absorption coefficient of a solution of pure bacteriochlorophyll from 
this same strain of bacteria is 28.2  ×  10  -8 at 530 m~, that is: 
log10 ~  ffi 28.2 X 10-* ¢.d 
with c in mg./l and d in cm.  Using this constant for the determination of the con- 
centration of the pigment in solution: 
E  0.340 
C .... 12.05  rag./1  Kd  28.2  X 10-~ X 1 
the original solution then contained: 
4.1 
2~  ×  12.05  ffi  19.8 rag./1 
Assuming a  molecular weight of 990 for bacteriophaeophytin, 
19.8 
--  ffi  2.00  X  I0-~ 
990,000 
Spirilloxanthin Determination.--2  cc. of the bacterial extract were shaken with CS2. 
The CS2 remained colorless.  Acetone was added to denature the protein and liberate 
the pigment, then the mixture was shaken.  More water was added and the CS2 which 
separated after centrifuging contained all the red pigment.  The CS2 was made up to a 
volume of 20.8  cc.  and the absorption at 530  m/~ measured  with a  Koenig-Martens 
I0 
spectrophotometer.  For a  1 cm. layer log10)- ffi 0.35.  Van Niel and Smith give 14.8 
×  104 as the molecular absorption coefficient  at 530 m# in CS2 of pure spirilloxanthin 
prepared from this strain of bacteria.  Using this value to determine the concentration 
0.35 
of our CS~ solution, x ffi 14.8 ×  104 X 1 -- 23.6 X  10  -e ~r.  For the concentration of the 
20.8 
spirilloxanthin in the extract: C ffi  ~  ×  2.36 X  10  ~  ffi 24.6 ×  10  --6 =  2.46 ×  10  -~ ,~. 
In our supersonic extract of Sl~irillum rubrum then: 
Concentration of bacteriochlorophyll  2.00 X  10-~ 
0.81 
Concentration of spirilloxanthin  2.46 X 10-~ 
In Fig. 4  is shown the absorption curve of a  supersonic extract of Rhodo- 
dbrio  si~.  (Rhodobaciltus)  (strain  Gaffron)  in  saturated  urea  solution. 
Open circles are points obtained photoelectrically while the  closed  circles 
were obtained with the Koenlg-Martens instrument on  the  same  solution. 4- 
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FIo. 4.  Absorption curve of  Rhodovibrio sp.  (strain  Oaffron) extract  in  saturated 
urea  solution.  Visual measurements are  shown  by dosed  circles  and  photoelectric 
ones by 
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F~G. 5.  Absorption curve of Phacomonas sp. (strain Delft) extract in saturated urea 
solution. 
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A  water supersonic extract was also made of Phaeomonas (Phaeobacillus) 
sp.  (strain Delft) and was similarly diluted with saturated urea for absorp- 
tion measurements.  The curve of Fig. 5 is for this species. 
An  absorption  curve was made of a  water extract of aerobically grown 
brown Streptococcus  varians  (strain  Cll)  diluted  with  saturated  urea  and 
is given in Fig.  6. 
With  a  spectrocolorimeter  a  supersonic  extract  was  compared  with  a 
suspension  of  living  bacteria.  In  the  visible  spectrum  the  absorption 
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Fla.  6.  Absorption  curve of  cell  juice of  brown  anaerobic Streptococcus varians 
(strain Cll).  Triangles and crosses are photoelectric measurements with two different 
solutions.  The circles  are  visual  measurements  with  a  third  solution.  The  dots 
and crosses were brought to the height of the circles by using conversion  factors; the 
concentrations were unknown.  At 855 m# log10/0  =  6.4 ×  10  -1~ cd where d is in cm. 
and c is in number of cells/co., or log10 I0  = 0.26 cd where c is in c.mm. cells/cc. 
bands are in the same position both in the llve bacteria and in the extracts. 
In order to extend this observation to the infrared bands and to find if the 
bands changed either in position or in height the following experiment was 
made with Streptococcus  varians  (Cll).  In  each of two  test  tubes  10  cc. 
of  a  bacterial  suspension  were  placed.  One  was  diluted  with  10  cc.  of 
water and the other with 5  cc. of 30 per cent H20,.  The tube with H20~ 
was then warmed  to 60°C.  to bleach the pigments.  After a  few minutes 
another 5  cc. portion of the H~O~. was added.  This treatment gave color- 
less  bacteria  to  use  as  a  light  scattering  control  for pigment  absorption c.  s.  FP.~NC~  491 
measurements with the other batch of unbleached cells.  The suspensions 
were diluted and placed in two  1 cm. absorption vessels and illuminated 
with  monochromatic light  in  the  spectrophotometer.  As  the  photocell 
was directly behind the vessels and of considerably larger area than the 
cross section of the light beam practically all of the light scattered by these 
suspensions fell on the photocell as indicated in Fig. 1.  I  was taken as the 
galvanometer deflection with the normal bacteria suspension and I0 as the 
deflection at the same wave length with the bleached suspension in place. 
In this way an infrared absorption  curve of the pigment in situ was ob- 
tained approximately corrected for 
light  scattering  by  the  bacteria. 
Some  of  the  normal  suspension 
was  then treated  with supersonic 
vibration  liberating  the  pigment 
from  the  cells.  The  centrifuged 
cell  frde  pigment  solution  was 
diluted  with  saturated  urea  and 
an  absorption  curve made of  this 
extracted pigment as  usual.  The 
two curves of Fig.  7 agree well as 
to  the  position of  the  absorption 
bands  and  fairly well  as  to their 
relative heights.  It is therefore to 
be  concluded that  the  supersonic 
extraction  does  not  change  the 
condition of the pigment as much 
as  does  extraction  with  organic 
solvents which  causes  large shifts 
in the position of the bands. 
On  one  occasion  a  curve  was 
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FIG. 7.  The  absorption curve  of  the 
extracted pigment, dotted line, as compared 
with the absorption of the pigment in live 
cells of Streptococcus varians (strain Cll). 
made of a Streptococcus varians  (Cll)  extract in the infrared region which 
was identical with  the curve of Fig. 6.  Mter standing overnight in the 
spectrophotometer vessel the measurements were repeated in the morning. 
The large band at 855 m# was in the same position though lower by about 
10  per  cent.  Strangely, however, there was no  trace of the smaller  795 
m/z band.  This  disappearance of one band without change in the other 
suggests that  the two are due either  to  different molecules or  to  widely 
separated groups  of the same molecule.  A  concentrated solution  which 
had also stood overnight exposed to  air  retained both bands.  Since the 
addition of small amounts of H~O, or of Na hydrosulfite does not produce 492  SPECTRA OF  PHOTOSYNTHIN 
TABLE  II 
The Height  of the Absorption  Bands and the Per Cent of Solid Matter in a Supersonic 
Extract of Streptococcus varians  (Orig.) 
Extract as prepared ............................. 
Extract after dialysis ............................ 
Extract after precipitation,  partial redissolving, and 
dialysis ...................................... 
Solids  Absorption per rag. 
at 585 m~u 
pet 
5.56 
4.33 
5.90 
f,c. 
reg.-X- ~,n. 
0.340 
0.396 
0.535 
TABLE  HI 
Absorption  Bands of Live Cells and Water Extracts of Various Purple Bacteria 
Species  Bacteriochlorophyll  bands  Carotinoid  b~.uds 
Spirillum rubrum 
(S1) water extract 
*Spirillum rubrum 
(S1) live cells 
Rkodovlbrio sp. 
(Gaffron) water  ex- 
tract 
Pkaeomonas sp. 
(Delft) water extract 
tStreptoco~us ~rians 
(orig.)  (red)  water 
extract 
tStreptococcus varians 
(orig.) (brown) 
water extract 
Streptococcus varians 
(C11) (brown) watel 
extract 
Streptoco~us ~arians 
(Cll) live cells 
Photoelectric 
Photographic 
Wave length  950  875  795  590  550  510  480 
Rdativeheight 0.022 1.000.16  0.18  ?  0.32  0.37  0.30  ? 
Wave length  880  800  590  420 550  515  490  ? 
Wave length  855  800  590  ?  530  500  460 
Relative height  1.00 C).65  0.27  ?  0.40  0.46  0.38  ? 
Wave length  840  790  590  510  470 
Relative height  1.00 0.59  0.28  ?  0.73  0.85  ? 
Wave length  590  550  505  475  450 
Relative height  0.28  ?  0.66  0.92  1.00  9.9 
Wave length  590  505  475  450 
Relative height  0.27  ?  0.81  1.00  9.4 
Wave length  855  795  590  510  480  450 
Relative height  1.0C 0.42  0.19  ?  0.40  0.46  0.4 
~Wave length  950  855  795  590  ?  510  480  ? 
l Wavelength  860  1800 (Visual  (Visual)(Visual) 
*French, 1937. 
f French, 1940b. 
?Not looked for. 
any change in the color or the infrared band  heights the  disappearance of 
the  795  band  was  not  due  to  an  easy oxidation or  reduction. 
As the photosynthin has not yet been isolated it is possible to give the C.  S.  I~RENCH  493 
heights of the absorption bands only in relative units.  For one species, 
Streptococcus varians (orig.), the height of the visible band with a maximum 
at 585 m/z  was  determined on  the  basis  of  dry  weight  of  the  extract. 
3  liters of yeast extract medium containing 0.05  x~ KHCO8  gave  about 
10 cc. of a pasty cell suspension on centrifuging.  From this was obtained 
by supersonic irradiation and centrifuging 7 cc. of clear dark brown liquid. 
One part of the solution was dried over H2SO4 in vacuum and weighed, one 
part used for absorption measurements, one part dialyzed first then used 
for  an  absorption  measurement and later  dried and weighed.  Another 
part was precipitated with 0.5 saturated (NH4)~SO,,  centrifuged, and the 
precipitate extracted with water.  The solution so obtained was used for an 
absorption determination and then dried and weighed.  The data are given 
in Table II.  (Cf. Table I in the previous paper.  1)  At the maximum of the 
red pigment absorption band (475 m~ in this solution) the absorption per 
rag. is 1/7400 that of an equal weight of the pure protein free crystallized 
spirilloxanthin of van Niel and Smith in CS~. 
DISCUSSION 
The position and relative heights of the  various  absorption bands  in 
different species of bacteria are given in Table III.  It is evident that the 
band at 795 and that at 590 m/~ occur in all the species examined.  Differ- 
ences in position of 5 m~ are not considered to be of significance in these 
determinations.  The  larger  band  is,  however,  found  to  occur  at  three 
different wave lengths, about 875,  855,  and 840 m/~ in  different species. 
This may either be interpreted as indicating the existence of three different 
forms of bacteriochlorophyll or three different proteins which differently 
affect the position of the large absorption band.  The work of van Niel 
would seem to indicate that only one bacteriochlorophyll exists so that the 
differences in position of these absorption maxima are more probably due 
to  differences  in  the  protein  constituent.  The  chemistry  of  bacterio- 
chlorophyll has been recently reviewed by StoU and Wiedermann. 
Adde~um.--Two  articles on the spectra of water extracts and live cells  of purple 
bacteria,  green,  and blue  green algae by Katz and Wassink and by Wassink,  Katz, 
and  Dorrestein  have just  appeared  which give more precise  spectra  in  the  infrared. 
In general  their  conclusions and  ours agree well.  Of particular  interest  is  their  iso- 
electric point determination of the ChloreIM photosynthin at pH 3.7 which agrees with 
our minimum solubility region of Spirillum rubrum photosynthln. 
Their  suggestion that  the  different infrared  bands  are  due  to combination of the 
1  French, C. S., 3". Gen. Physiol., 1940, 23, 475. 494  SPECTRA  OF  P]~OTOSYNTHIN 
bacteriochlorophyU,  (which had the same spectrum in  alcohol from  all  species),  with 
various proteins, each producing only one infrared band is consistent with our results. 
It  may lead  to  the  chemical  separation  of  the  different  proteins  using  the  different 
infrared band heights as a  criterion of the fractionation procedures. 
They compare various extracts  with the live cells and also find the position of the 
maxima  in  close agreement  even  without  a  scattering  correction,  showing  that  their 
carborundum powder grinding procedure also makes extracts with essentially unaltered 
spectral  characteristics.  Our supersonic  treatment  would  appear  to  give  more  com- 
plete  extraction  in a  short time  than grinding,  thus  allowing  quantitative  work, hut 
may well do more harm to enzymes. 
SUMMARY 
Absorption curves have been obtained in the spectral  region of 450  to 
900 m# for the water soluble cell juice  of four species of photosynthetic 
bacteria,  Spirillum  rubrum  (strain  S1),  Rhodovibrio sp.  (strain  Gaffron), 
Phaeomonas sp.  (strain Delft),  and Streptococcus varians  (strains  Cll  and 
orig.). 
These  curves  all  show maxima  at  790  and  590  m/~  due  to  bacterio- 
chlorophyll, whose highest band, however, occurs at 875,  855, or 840 m/z 
depending on the species.  The bacteria that appear red rather than brown 
have a band at 550 m# due to a carotinoid pigment.  An absolute absorp- 
tion curve of bacteriophaeophytin has maxima at 530 and 750 m#. 
The  extraction  of  cell  juice  by  supersonic  vibration  does  not  change 
the  position  of  the  absorption  bands or  of  the  light  absorbing  capacity 
of the pigment. 
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